Background: Neuronal tissue has a limited potential to selfrenew or get repaired after damage. Cell therapies using stem cells are promising approaches for the treatment of central nervous system (CNS) injuries. However, the clinical use of embryonic stem cells is limited by ethical concerns and other scientific consequences. Bone marrow mesenchymal stromal cells (BM-MSC) could represent an alternative source of stem cells for replacement therapy. Indeed, many studies have demonstrated that MSCs can give rise to neuronal cells as well as many tissue-specific cell phenotypes. Purpose: Motor recovery by transplantation of bone marrow MSCs in rat models of spinal cord injury (SCI). Methods: Bone marrow was collected from the femur of albino Wistar rats. MSCs were separated using the Ficoll-Paque density gradient method and cultured in Dulbecco's Modified Eagle Medium supplemented with 20% fetal bovine serum. Cultured MSC was characterized by immunohistochemistry and flow cytometry and neuronal-induced cells were further characterized for neural markers. Cultured MSCs were transplanted into the experimentally injured spinal cord of Wistar rats. Control (injured, but without cell transplantation) and transplanted rats were followed up to 8 weeks, analyzed using the Basso, Beattie, Bresnahan (BBB) scale and electromyography (EMG) for behavioral and physiological status of the injured spinal cord. Finally, the tissue was evaluated histologically. Results: Rat MSCs expressed positivity for a panel of MSC markers CD29, CD54, CD90, CD73, and CD105, and negativity for hematopoietic markers CD34, CD14, and CD45. In vitro neuronal transdifferentiated MSCs express positivity for β III tubulin, MAP2, NF, NeuN, Nav1.1, oligodendrocyte (O4), and negativity for glial fibrillary acid protein. All the treated groups show promising hind-limb motor recovery BBB score, except the control group. There was increased EMG amplitude in treated groups as compared to the control group. Green fluorescent protein (GFP)-labeled MSC survived and differentiated into neurons in the injured spinal cord, which is responsible for functional recovery. Conclusion: Our results demonstrate that BM-MSC has the potential to repair the injured cord in rat models of SCI. Thus, BM-MSC appears to be a promising candidate for cell-based therapy in CNS injury.
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Introduction
Traumatic spinal cord injury (SCI) can result in severe damage, leading to permanent loss of mobility, incontinence, and other functional loss. Surgical re-stabilization of the vertebral column and rehabilitation are the current therapies available, since there are no effective treatments to cure neurological outcomes following SCI. The pathophysiology of SCI involves primary mechanical injury that directly disrupts axons, blood vessels, and the cell membrane. This primary mechanical injury is followed by the secondary injury phase involving vascular dysfunction, edema, ischemia, excitotoxicity, electrolyte shifts, free radical production, inflammation, and delayed apoptotic cell death [1, 2] . Following injury, the mammalian central nervous system (CNS) fails to adequately regenerate due to intrinsic inhibitory factors expressed on central myelin and the extracellular matrix of the posttraumatic gliotic scar [3] . Regenerative approaches to block inhibitory signals, including Nogo and the Rho-associated kinase pathways, have shown promising benefits and are in their early stages of clinical evaluation [4] . Cellbased strategies using embryonic stem cell, neural stem cells, bone marrow-derived mesenchymal stromal/stem cells (BM-MSCs) to remyelinate spared axons are attractive emerging approaches [5] .
Bone marrow is a source of hematopoietic cells and non-hematopoietic marrow MSCs. MSCs are multipotent [6] and self-renewing; they can differentiate into osteoblasts [7, 8] , chondrocytes [9] , adipocytes [10] , and also neurons and glia [11] . BM-MSCs are easily obtainable, autologous, expand quickly, and differentiate into neural cell types in vitro [12] [13] [14] [15] [16] and in vivo [17] [18] [19] . It has been reported that MSCs transplanted into the spinal cord lesion site enhance axonal regeneration and promote functional recovery in animal models [20] [21] [22] [23] [24] [25] [26] . In addition, it is believed that MSCs lack B7 co-stimulatory molecules CD86 and CD80 and are non-immunogenic upon allogeneic transplantation [27] . The overall effect of MSC is to rescue neuronal cells from death by neuroprotection, immunomodulation, and possibly by remyelination and neuroregeneration [28, 29] . These factors suggest that MSC has a role in treating irreversible damages to the CNS like SCI.
We harvested bone marrow from the femur bone of adult male albino Wistar rats; we also separated MSCs by the Ficoll-Paque density gradient method and these cells were cultured. The cultured cells were transplanted into the experimentally induced SCI of rat models. The functional outcome was measured by the Basso, Beattie, Bresnahan (BBB) scale, electromyography (EMG), and histological methods.
Methods
Adult albino Wistar rats were used for the study. The animals were obtained from the animal house of the institution. The study was approved by the institutional review board and the institution's animal ethical committee.
Isolation of MSC
Bone marrow was collected from the femur and tibia of albino Wistar rats. The MSCs were separated from hematopoietic cells by using the RosetteSep Antibody Cocktail method (Stemcell Technologies Inc.). Bone marrow cell suspension was incubated with the RosetteSep cocktail for 20 min at room temperature. This cocktail cross-links the undesired cells in bone marrow, thereby forming immune rosettes. This increases the density of the unwanted (rosetted) cells, such that they pellet along with the free red blood corpuscles when centrifuged at 1,200 g for 20 min over a buoyant density medium Ficoll-Paque (GE Healthcare). Desired cells that did not bind to the antibody were easily collected as a highly enriched population at the interface (buffy coat) between the plasma and the buoyant density medium. Mononuclear cells from buffy coat were washed in phosphate buffered saline (PBS) and cultured.
Culture of MSC
The cell culture medium consisted of Dulbecco's Modified Eagle Medium (DMEM) (Gibco), supplemented with 20% fetal bovine serum (Gibco), 2 mM L-glutamine (Gibco-Invitrogen), 100 U/ mL penicillin, 100 µg/mL streptomycin, and 25 ng/mL of amphotericin B. When the cells attain 80-90% confluency, they are passaged with trypsin up to the second passage. Second passage cells were used for immunohistostaining, flow cytometry analysis, and patch-clamp characterization.
Characterization of MSCs by Immunohistochemistry
Second passage cells were cultured on 12-mm round coverslips at a cell density of 8,000 cells/cm 2 . Cells were fixed in 4% paraformaldehyde for 15 min at room temperature. Then the cells were washed with PBS (Invitrogen, Gibco) 3 times. Blocking and permeabilization was done using 2% goat serum/2% bovine serum albumin with 0.1% Triton X-100\PBS. Cells were incubated with primary antibody at 4 ° C overnight. Cells were washed with PBS and incubated with secondary antibody for 2 h at room temperature. They were then washed and mounted with 4',6-diamidino-2-phenylindole (DAPI; Vectashield mounting medium with DAPI). Coverslips were immediately transferred to glass slides and examined in fluorescent microscope. The following primary and secondary fluorescent antibodies were used for this characterization study: mouse anti-rat CD54-FITC conjugated antibody (1: 50 dilution, BD Pharmingen), monoclonal mouse anti-rat CD90-FITC conjugated antibody (1: 100 dilution, Millipore), mouse monoclonal IgG1 anti-CD34-FITC conjugated antibody (1: 100 dilution, Santa Cruz Biotechnology), mouse monoclonal anti-rat CD45-PE conjugated antibody (1: 100 dilution, BD Pharmingen), rabbit polyclonal IgG anti-CD14 antibody (1: 50 dilution, Santa Cruz biotechnology), monoclonal mouse anti-β 1 integrin antibody (1: 50 dilution, Millipore), monoclonal mouse anti-rat CD73 antibody (1: 50 dilution, BD Pharmingen), goat polyclonal IgG anti-CD105 antibody (1: 25 dilution, Santa Cruz Biotechnology), mouse monoclonal anti-MAP2 IgG1 antibody (1: 100 dilution, Millipore), mouse monoclonal anti-NeuN IgG1 antibody (1: 50 dilution, Millipore), and mouse monoclonal anti-Neurofilament IgG1 antibody (1: 100 dilution, Millipore), with appropriate secondary antibodies like goat anti-rabbit IgG-RPE antibody (1: 50 dilution, Jackson ImmunoResearch), goat anti-mouse IgG2b-RPE antibody (1: 50 dilution, Southern Biotech), goat anti-mouse IgG1-PE conjugated antibody (1: 50 dilution, Southern Biotech), donkey anti-goat IgG-perCP conjugated antibody (1: 100 dilution, Jackson ImmunoResearch), and goat anti-mouse IgG1-FITC antibody (1: 50 dilution, Southern Biotech).
Characterization of MSC by Flow Cytometry
Second passage cells were trypsinized and washed with PBS. A total of 2-5 lakhs of cells were used for each antibody in a separate test tube and incubated with 5-10 μL of primary antibody for 20 min on ice. Excess unbound antibodies were washed with PBS and removed. Further, this was incubated with 5-10 μL of fluorescent tagged appropriate secondary antibody for 20 min. Finally, unbound secondary antibodies were washed with PBS. The cell suspension was aspirated and analyzed by flow cytometry for MSC markers (CD54, CD90, CD73, CD29, and CD105) and hematopoietic markers (CD45, CD34, CD14). The unstained cells were used as control.
Neuronal Induction of MSC
The neuronal induction protocol was followed from an earlier published study [11] . Second passage MSCs were induced to neuronal cells by using neuronal induction medium consisting of DMEM/F12 (Invitrogen, Gibco), 2% FBS (Invitrogen, Gibco), B27 supplement (Invitrogen, Gibco), 20 mM retinoic acid (RA; Sigma), and 12.5 ng/mL basic fibroblast growth factors (bFGFs; Invitrogen, Gibco). Cells were maintained in neuronal induction media for 12 days at 37 ° C in 5% CO 2 incubator. After 12 days, these cells were stained for neuronal markers and patch-clamp study.
Characterization of Neuronal-Induced Cells
Bone marrow MSC (BM-MSC) was incubated for 12 days in the neuronal induction medium, and these cells were stained for neuronal and glial markers using fluorescent staining. We used the following primary and secondary antibodies by the immunohistochemistry method as described above: mouse monoclonal anti-β III tubulin antibody (1: 50 dilution, Millipore), mouse monoclonal IgG1 anti-glial fibrillary acid protein (GFAP) Alexa Fluor 488 conjugated antibody (1: 50 dilution, eBioscience), mouse monoclonal IgM anti-oligodendrocyte antibody (1: 50 dilution, Sigma), rabbit polyclonal anti-Nav1.1 antibody (1: 100 dilution, Alomone labs), and mouse IgG2A neuron-specific β-III tubulin PerCP conjugated antibody (1: 100 dilution, R&D systems), with appropriate secondary antibodies like goat anti-mouse rhodamine antibody (1: 50 dilution, Millipore), donkey anti-mouse IgM-CY3 conjugate antibody (1: 50 dilution, Jackson ImmunoResearch), and goat antirabbit IgG-PE antibody (1: 50 dilution).
Electrophysiology
The pipette solution contained the following: 140 mM potassium chloride (KCl), 1 mM magnesium chloride (MgCl 2 ), 1 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 10 mM glucose; pH 7.2 with potassium hydroxide (KOH). The bath solution for recording contained the following: 135 mM sodium chloride (NaCl), 1 mM sodium dihydrogen phosphate (NaH 2 PO 4 ), 4 mM KCl, 1.2 mM calcium chloride (CaCl 2 ), 0.5 MgCl 2 , 10 mM HEPES, and 10 mM glucose; pH 7.4 with sodium hydroxide (NaOH).
The second passage MSCs/neuronal-induced cells were placed on a 35 mm petri-dish with 2 mL bath solution. Patch pipettes were fabricated using borosilicate glass capillaries by using a gravityassisted 2-stage pipette puller. The pipette tips were heat polished and coated with sylgard. The pipette was filled with a pipette solution and the pipette resistance ranged between 2 and 4 MΩ. The bath and pipette solutions were designed to elicit sodium, potassium, and chloride currents.
Once a gigaohm seal was obtained between the patch pipette and the cell membrane, whole cell configuration was established by applying sharp suction. Cell capacitance was cancelled. The series resistance before compensation was below 15 MΩ, and was compensated 60-70%. The holding voltage was -50 mV, and a prepulse of -40 mV was given to elicit the voltage-gated sodium current (if it was present), before the test pulse. The test pulse ranged from -110 to 180 mV at 10 mV increment. The data during voltage clamp was acquired using Axopatch 200B patch-clamp amplifier and digitized with Axon instruments Digidata 1322A analog-digital converter. The data was filtered using online 10 kHz low pass Bessel filter. P-clamp software was used for acquisition and analysis of the data.
Green Fluorescent Protein Labeling of Cells
A total of 0.5 × 10 5 /mL cells were grown in complete medium overnight. At the time of transduction, they were 50-75% confluent, and were added to 50 μL of 1 × 10 7 IFU/mL of pre-made lentiviral particles for fluorescent proteins (catalog number: LVP001, GenTarget Inc., USA). After 72 h of transduction, the transduction rate was checked using a fluorescent microscope. These green fluorescent protein (GFP)-labeled cells were used for transplantation.
Cell Viability
Freshly cultured second passage cells were harvested and kept on ice for 2 h. These cells were stained for propidium iodide -a red fluorescent DNA counterstain. Both unstained and stained cells were quantified through flow cytometry. Dead cells stains with propidium iodide and live cells do not take up the stain. 
Animal Experiments

Experiment Design
Rats were divided into 5 groups (n = 6 rats in each group). BM-MSCs were transplanted in dosages of 2, 5, 10, and >10 lakhs, respectively, in each of the first 4 groups, whereas only DMEM without cells was used in the control group.
Laminectomy and SCI Female albino Wistar rats, 100-250 g in body weight, were anesthetized with ketamine and xylazine (90: 10 mg/kg) administered intraperitoneally. Ophthalmic ointment was applied to the eyes to prevent drying during the operation. The fur was shaved from the mid dorsal region and cleaned with povidone-iodine solution (7.5% w/v) finally with surgical spirit. Tegaderm applied over it to prevent fur contamination during surgery. An incision of 2 cm was made over the lower thoracic area; muscle and connective tissues were dissected to expose the T7-T11 vertebrae. A T10 laminectomy was completed using a microsurgery bone rongeur taking care not to damage the spinal cord. The drop-weight injury was performed, 10 g weight rod falls from 25 cm height on the exposed spinal cord. Absorbable sutures (Vicryl, Johnson-Johnson Ltd.) were used to ligate the incised muscle and skin. The following was administered subcutaneously as part of the postoperative care: meloxicam 1 mg/kg as analgesic, enrofloxacin 2.5 mg/kg as antibiotic, and Ringer's lactate 5 mL/100 g. Animals had free access to food and water throughout the study. Bladder and bowel expression were considered as postoperative care.
Postoperative Care
Following the surgery, rats were placed in cages and monitored until they recovered from anesthesia. Rats were monitored twice a day throughout the post-injury survival period for general health and mobility. The bladder was manually expressed twice daily. Ringer's lactate 5 mL/100 g was administered subcutaneously twice daily for the first 7 postoperative days. Meloxicam 1 mg/kg as analgesic and enrofloxacin 2.5 mg/kg as antibiotic were administered for the first 7 postoperative days. Animals were monitored for urinary tract infections (UTI) for the entire period of the experiment. If indicative of a UTI, they were treated with the antibiotics (enrofloxacin 2.5 mg/kg). Inspection for skin ulcers was carried out daily. Bedding (paddy husk) was changed every alternate day.
Cell Transplantation
Allogeneic cell transplantation was done on the 9th day following the drop-weight injury. Behavioral assessment (BBB) was conducted prior to the cell transplantation as described later. Rats were re-anesthetized (intraperitoneal ketamine/xylazine: 90: 10 mg/kg), and the original incision was re-opened and the dorsal laminectomy was extended to the T8-T11 vertebrae. Under a surgical microscope, the wound was explored and the injured spinal cord segment, along with a few millimeters above and below normal spinal cord, was exposed. On the day of transplantation, the MSCs were harvested by trypsinization after which the enzymatic activity was stopped by adding DMEM with fetal bovine serum. Cells were counted and pelleted and transferred into the 25 µL Hamilton syringe (approximately 100,000 cells/µL). A Hamilton syringe was mounted on an injection device with 3D stabilizer. All injections were made with the aid of a sterile Hamilton syringe. A total of 2 × 10 5 (2 lakhs), 5 × 10 5 (5 lakhs), 10 × 10 5 (10 lakhs), and more than 10 × 10 5 (>10 lakhs) cells were injected at multiple sites in and around the injured spinal cord. Following the cell transplantation, the surgical wound was closed and routine postoperative care was given.
Behavioral Assessment-BBB Score
The BBB scale [30] is an operationally defined 21-point scale, designed to assess hind-limb locomotor recovery after impact injury to the spinal cord in rats. This locomotor scale categorizes the combination of rat hind limb joint movements, trunk position and stability, stepping, coordination, paw placement, toe clearance, and tail position, representing sequential recovery stages that rats attain after SCI. The motor assessment is done up to 8-10 weeks after injury/transplant. Openfield observations were made on rats. All rats received bladder expression before open field testing to eliminate behaviors because of a full bladder. Rats were allowed to walk in the open field (45 × 60 cm rectangular tray) and video recorded for assessment. All rats were assessed for BBB before transplant, that is, on the 9th day after SCI and every week from the time of post-transplant up to 8-10 weeks. The BBB score was measured with the aid of the BBB scale.
Motor Evoked Potential Studies
Transcranial stimulation of motor cortex was done in the anesthetized rats and the EMG signals were recorded from the lower limb muscles to indicate the functional DOI: 10.1159/000487069 integrity of the spinal cord. Motor cortex was stimulated and the responses were recorded from the gastrosoleus muscles. Recording was done from control as well as cell transplanted rats at 8-10 weeks post spinal injury/transplantation. Recorded EMG signals were analyzed for amplitude. The amplitude of electrical stimulation assessed for mean ± SD and all the groups was compared for p values.
Histology
Two weeks after GFP-labeled MSC transplantation, rats were deeply anesthetized with ketamine/xylazine and transcardially perfused with 4% paraformaldehyde solution. One centimeter length of spinal cord centered on the injury epicenter was removed and post-fixed in 30% sucrose/PBS at 4 ° C overnight. Thick longitudinal serial cryo sections of 20 µm were cut and mounted on poly-LLysine-coated slides. The representative tissue section was incubated with 0.3% Triton X-100/PBS overnight at 4 ° C. The tissue was washed with PBS and incubated with the primary antibody, mouse monoclonal anti-Β III tubulin (1: 50 dilution, Millipore), at 4 ° C overnight. After PBS wash, the tissue was incubated with the secondary antibody, goat anti-mouse rhodamine (1: 50 dilution, Millipore), for 2 h at room temperature. Finally, the tissue section was washed with PBS and visualized using a confocal microscope.
Statistical Analysis
Hind-limb motor recovery was analyzed using BBB scores, amplitude of motor evoked potential were statistically analyzed by using SPSS, and ANOVA post hoc Tukey test was to compare significances with different groups. Wilcoxon test and Mann-Whitney test were also done. Data for each group were represented as mean ± SD. p value <0.05 was considered significant in this study.
Results
MSC Characterization
BM-MSC expression of the markers CD54, CD29, CD73, CD90, and CD105 showed positivity of about 40, 82, 85, 99, and 13%, respectively; and for hematopoietic markers CD14, CD45, and CD34 showed negativity of about 0, 0, and 2%, respectively, which indicates the purity of MSC (Fig. 1, 2 ). In addition, MSC expressed negativity for mature neuron markers of MAP2, NeuN, and neurofilament (NF), as well (Fig. 3) .
Neuronal-Induced MSC
Morphological changes expressed were the change in fibroblast-like to spindle shape in vitro after 12 days (Fig. 4) . MSCs showed negative for neuronal markers MAP2, NeuN, and NF, but after neuronal induction these cells expressed positivity for the differentiated markers of neuron (MAP2, NF, Neuronal neuclei, β III tubulin) and oligodendrocyte (O4), and negativity for astrocyte (GFAP). This shows that MSC is capable of transdifferentiation, from mesodermal origin MSC to ectodermal neuronal lineages (Fig. 4) .
Electrophysiology
Voltage-gated sodium channel is essential for the generation and propagation of action potential. This is the hallmark for the excitable cell neuron. Our results show the expression of voltage-gated sodium channel type 1 (Nav1.1) immunohistochemically (Fig. 5 ) but did not have functional expression of voltage-gated sodium by patch-clamp studies in neuronal-induced cells. Uninduced MSCs did not exhibit voltage-gated sodium channels at the prepulse potential of -40 mV. Small outward currents activating at about -40 mV were seen (Fig. 6a) . Neuronal transdifferentiated cells exhibit outwardly rectifying K + current, with the absence of inward Na + current at -40 mV and further depolarization (Fig. 6b) .
Cell Viability
Before transplantation, the cell viability was assessed by propidium iodide and only 3% of dead cells were quantified (Fig. 7) .
Basso, Beattie, Bresnahan Sequential hind-limb motor recovery was elicited in all treated groups except the control group (Fig. 8a) . Before transplant, all the groups showed no BBB score (0.00 ± 0.00); but after transplantation, the 4 groups (except the control group) showed BBB of 2 lakh (2.5 ± 1.378), 5 lakh (6.0 ± 2.756), 10 lakh (4.3 ± 3.141), more than 10 lakh (3.8 ± 2.994), respectively, which shows statistical significances (p < 0.05) in hind-limb motor recovery after transplantation (Fig. 8b) .
All the treated groups exhibit functional recovery with variation in BBB scores at the end of the 8th week as compared to the control group (0.0 ± 0.00). The 5-lakh and 10-lakh groups showed statistical significance (p < 0.05), but a low dose of 2 lakh and a high dose of more than 10 lakh did not show significance (p > 0.05), when compared to the control group. Although the same cells with different dosage have different effects on motor recovery, on statistical analysis, it was found that there is no significant Ann Neurosci 2018;25:64-78 DOI: 10.1159/000487069 difference among the transplanted groups (Fig. 8c) . However, in dose-response relationship, 5 lakhs of MSC show a promising maximum mean BBB score of 6 as compared to other dosages.
Electromyography
Though transplanted cells are MSCs, they differ in dosage, and these doses have an impact on recovery as analyzed by the motor-evoked potential in amplitude. A rep- resentative EMG of control rat (Fig. 9a ) and treated rat (Fig. 9b) was shown with/without amplitude. All the transplanted groups' EMG amplitude of 2 lakh (0.4 ± 0.166), 5 lakh (1.5 ± 1.062), 10 lakh (1.2 ± 1.100), and more than 10 lakh (0.6 ± 0.334) were statistically analyzed with that of the control group (0.1 ± 0.086), which did not show significant difference (p > 0.05), except the 5-lakh group (p = 0.01). In the low dose of 2-lakh group, decreased amplitude was exhibited, which indicates less amount of regeneration after SCI. The 5-lakh group demonstrates maximum amplitude similar to the BBB score, but increase in dosages above 5 lakh shows decline in amplitude (Fig. 9c) . Histology GFP-labeled MSCs surviving in the spinal cord around the injury epicenter (Fig. 10c) and those cells differentiated into neurons in vivo express the presence of β III tubulin (Fig. 10f) . The result shows that the homing of mesodermal origin MSCs converted into an ectodermal neuronal lineage, which is responsible for spinal cord regeneration. 
Discussion
The primary mechanical injury to the spinal cord is followed by secondary injury cascades, which contributes to the pathophysiology of SCI. Neurons and O4 are highly vulnerable to insults and O4 loss ultimately results in demyelination, and severed axons lead to cell death. There is a limited extent of spontaneous replacement of O4 and neurons after SCI in adults [1, 31, 32] . Regeneration of damaged neuronal tissue by stem cell therapy may also replace O4 for remyelination, neurons at the injured site, secrete factors, and enhance axonal regeneration [33] .
In the present study, we showed that rat BM-MSCs express positivity for the panel of markers CD29, CD54, CD73, CD90, and CD105; and negativity for hematopoietic cells by immunostaining as per the classification criteria of MSCs [34] . Marker expression pattern differs, which contribute to the heterogeneous population of rat MSCs. Rat MSCs positively express cell surface antigen CD105 of 13% and mouse MSC also positively expresses CD105 of 19.1%, and negatively for CD34 and CD45 as reported [35] . The basal expression of the neural markers in rat MSCs was shown negative immunohistochemically. In contrast, undifferentiated human MSCs expressed nestin, enolase 2, and microtubule associated protein 1b (MAP1b) [36] ; similarly, mouse MSCs spontaneously express neural markers including β III tubulin, NFM, and S100-β in a non-induced condition [35] .
Previous reports show in vitro neural transdifferentiation of BM-MSC by chemical compounds [37] [38] [39] [40] , Hind-limb motor recovery-mean BBB score. All the transplanted groups progressed in BBB score, except control group as shown in (a). In comparison within the groups before and after transplant, significant functional recovery was evident after transplant (p < 0.05; b). In comparison, between the groups, 5-and 10-lakh groups showed significant improvement in motor function (p < 0.05), when compared to the control group. But all the other transplanted groups showed functional recovery but statistically did not show significances (c). L, lakhs. growth factors [12, [41] [42] [43] , and combination of chemicals with growth factors [44, 45] . RA mediated neurite outgrowth in cultured embryonic dorsal root ganglia, spinal cord, and adult dorsal root ganglia [46] [47] [48] [49] . We used RA, B27, and bFGF for neuronal induction, and this method of induction was followed from the published literature [11] . Similarly, the other researchers used FGF and RA with/without nerve growth factor on fibronectin as a feeder layer for in vitro neuronal differentiation of human BM-MSCs [12, [50] [51] [52] . On exposure to neurogenic medium, rat MSCs exhibit neural phenotype and expressed neuron markers β III tubulin, MAP2, NeuN, NF, and O4, but does not show positive for GFAP astroglial cells. The acquisition of β III tubulin and voltagegated sodium channel of induced MSC has been suggested to result in neural differentiation and has been subsequently checked for excitable functional properties by patch-clamp study, but found to have an inability to fire inward voltage-gated sodium current. It has been reported that 19% of rat MSCs had voltage-gated sodium current and 8% had voltage-gated calcium currents. The profile of outward currents seen in our experiments is different from that which is reported and seems to be fast-activating delayed rectifier potassium channels [53] . When MSCs were co-cultured with cerebellar granule neurons, they demonstrated the presence of neuron-like phenotype cells, which were able to fire single-action potentials and respond to neurotransmitters like GABA, glutamate, and glycine [54] . In another experiment on human MSC exposed to induction cocktail, these induced neurons express neurotransmitters and are electrophysiologically responsive to exogenous neurotransmitters [11] . In vitro transdifferentiation of mesodermal origin BM-MSCs to ectodermal neuronal lineages has been explored in the current study. However, skepticism has been aroused in in vitro transdifferentiation. Further alternative methods of neuronal induction will be carried out in future studies. MSCs transplanted 1 week after impact SCI at the T8 level in female Sprague-Dawley rats showed cell survival and differentiation and remarkable improvement in locomotor recovery of SCI rats. The effect of transplanted MSCs in injured cord showed reduced lesion cavitation and white matter loss [55] . The therapeutic window pe- riod for transplantation is also a key issue, as evidence suggests that cell engraftment and improved functional outcome if transplanted in 1 week, but <14 days after injury [56] [57] [58] . Data suggest that the dose of 3 lakhs [56, 59, 60] and 4.5 lakhs [58] of MSCs showed better functional outcomes in SCI rat models.
The underlying molecular mechanism of SCI and the use of MSCs in SCI activated caspase-3, which in turn contributed to apoptosis via poly(ADP-ribose) polymerase (PARP). The upregulation of PARP after SCI plays a major role in the execution of apoptosis in the injured spinal cord. This therapeutic intervention site exploited with the use of PARP inhibitors to reduce the inflammation and cell death after spinal cord trauma [61] [62] [63] . Similarly, rat MSC reduces activated caspase-3, thereby limiting secondary damage after SCI. This anticaspase-3 activity of rat MSCs leads to the downregulation of apoptotic proteins and preservation of neurons and O4 in rat-MSC-treated rats [64] [65] [66] .
MSC has various effects like inflammatory modulation [67, 68] , secrete and/or induce the protective molecules such as brain-derived neurotrophic factor and glial cell line-derived neurotrophic factor [69] [70] [71] , and create a more permissive environment for axonal regeneration [56, 69, 72, 73] , nerve growth factor, vascular endothelial growth factor [74] , hepatocyte growth factor [75] , ciliary neurotrophic factor, and bFGF [76] [77] [78] . These factors play a role in several processes, including neuroprotection, neurogenesis, vascularization, and scar inhibition.
Recovery of hind-limb motor function improved slowly but steadily over the course of the 8-week observation period in the rat-MSC-treated groups. As per dose-response relationship, the 2-lakh cell group retained the lowest hind-limb motor recovery of 2.5 ± 1.37 among all the treated groups. The 5-lakh cell group achieved the maximum mean BBB score of 6 ± 2.7 as compared to a higher dose of 10 lakh (4.3 ± 3.1) and more than 10 lakh groups (3.8 ± 2.9). The 10 lakh and more than 10 lakh groups decline in beneficial effect may be due to saturation or difficulty to accommodate higher numbers of transplanted cells into the injured spinal cord. Rats in the transplanted groups showed improvement on the BBB scale relative to the injured control group. A similar study including rat-MSC-treated animals compared to the injured rats found significant functional recovery after 2 weeks of rat MSC transplantation and the number of intact axons across the injury site were increased [66] . Animals with SCI reported longer MEP latency with reduced amplitude as compared to human-MSC-treated rats [79] . In our study, similar MEP waves were observed. An EMG amplitude of 5 lakhs of cell transplanted group showed a maximum of 1.5 ± 1.0 mV as compared to 10 lakh (1.2 ± 1.1 mV) and more than 10 lakh groups (0.6 ± 0.3 mV). The amplitude of motor-evoked potential depends on the continuation of neuronal connection and amount of fibers regenerated, which plays a role in conduction. Like the BBB, the amplitude of 2 lakhs of the cell-transplanted group has mild recovery waves of 0.4 ± 0.1 mV with that of other dosages. In control rats, even with the stimulation of motor cortex, there was neither any amplitude nor lesser amplitude waves recorded. This shows that there is no spontaneous recovery after SCI. However, all the treated groups elicit hind-limb motor functional recovery after SCI is evaluated by BBB and EMG as compared to control. Thus, MSC plays a role in transplant-mediated repair in SCI. In the dose-response relationship study, the 5-lakh group showed promising outcomes in BBB score, as well as motor-evoked potential study among the treated groups. Therefore, 5 lakh cells could be the optimum therapeutic dose in SCI of rat models.
Rat MCSs increase the number of surviving neurons and O4 after 14 days of transplantation [66] . In our study, 2 weeks after transplantation, we found rat MSC survived and distributed around the cavities of the injured spinal cord. The transplanted rat MSC differentiated into neurons in the injured spinal cord.
In conclusion, the transplanted rat MSCs that survived the injury transdifferentiated and showed significant improvement in the functional recovery of spinal cord injured rats. This functional recovery may be due to neuroprotection, remyelination of demyelinated axons, and enhances regeneration of an injured cord by BM-MSCs.
